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How did we validate Pu-isotope (238-242Pu) nuclear 
data?
Statistics tools used: Random forests and SHAP metric. Shown to be able to 
highlight issues in nuclear data in Neudecker et al., NDS 167, 36-60 (2020).

Nuclear data validated: 238-242Pu for ENDF/B-VII.1 and ENDF/B-VIII.0.

Validation experiments used:
• 875 criticality experiments
• 15 LLNL pulsed-sphere neutron-leakage spectra

Additional information used for validation:
• Systematic comparison of nuclear data with differential experimental data 

from EXFOR (only in rare cases detailed analysis)
• Nuclear-theory considerations



Slide 3

Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA

Validation of 241Pu nuclear data: this is a 
challenge due to compensating errors!

Energy (MeV) PFNS Nu-bar (n,f) (n,g) (n,el) (n,inl)

Thermal
7e-8-1e-5
1-5.5e-4

5.5e-4-2.5e-2

2.5e-2-2.479
2.479-4.8
4.8-8.187

No Diff. Exp.

Exp. Agree with evaluation but freedom to move

Diff. Exp. Disagree with evaluation

Energy ranges and observables highlighted as problematic by ML.
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“Highlights” of issues in 241Pu nuclear data:

Energy 
(MeV)

PFNS Nu-
bar

(n,f) (n,g) (n,el) (n,inl)

Thermal
7e-8-1e-5
1-5.5e-4

5.5e-4-2.5e-2

2.5e-2-2.479
2.479-4.8
4.8-8.187

MAXWELLIAN USED 
FOR PFNS! Not a good 

approximation

Can we extend 
resonance range of 
(n,f), (n,el) and (n,g)?

(n,f) cross sections

240Pu242Pu

238Pu
239Pu

241Pu
(n,f) cross sections
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High-level summary of issues in 241Pu nuclear 
data:

Issues that are 
recommended to 
be investigated for 
a new release:

• (n,f) cross section from 0.1-2 MeV.
• Replace PFNS with an evaluation that captures 

the physics expected behavior better.
• Investigate if it is possible to extend the 

resonance range to higher Einc.

Potential freedom in 
nuclear data that 
could be exploited to 
obtain better 
agreement with 
validation 
experiments:

• Get a finer grid for nu-bar.
• Investigate if it is feasible and beneficial to get closer 

to some standards at thermal, especially (n,f) and nu-
bar (the (n,f) thermal value differs by about 1 sigma 
from standard value).
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Validation of 239Pu nuclear data: also a 
challenge due to compensating errors!

No Diff. Exp.

Exp. Agree with evaluation but freedom to move

Diff. Exp. Disagree with evaluation

Energy ranges and observables highlighted as problematic by ML.

Energy (MeV) PFNS Nu-bar (n,f) (n,g) (n,el) (n,inl) (n,2n)

Thermal
5e-8-4e-7

4e-7-8.1e-6

8.1e-6-0.1
0.1-2.354
2.354-8.187
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High-level summary of issues in 239Pu:
Issues that 
are 
recommend
ed to be 
investigated 
for a new 
release:

• Re-evaluate PFNS with recent 
Chi-Nu and CEA exp. data.

• (n,f): Are there structures in the 
URR? (see Bertsch, PRC 98, 
014611 (2018)); where should the 
eval. cs above 10 MeV go?

Potential 
freedom in 
nuclear data 
that could be 
exploited to 
obtain better 
agreement 
with 
validation 
experiments:

• After PFNS is fixed, one might 
investigate thermal constants 
compared to standard values.

• Incorporate newest (n,f) standard.
• 0.3-17 keV for nu-bar (no exp. 

data) and tweaking nu-bar in the 
fast.

• Balance (n,tot), (n,el) & (n,inl) cs 
from 0.1-2.4 MeV.
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Validation of 240Pu nuclear data:

Energy (MeV) PFNS Nu-bar (n,f) (n,g) (n,el) (n,inl)

Thermal
3.25e-7-5.5e-4
5.5e-4-2.5e-2
2.5e-2-1.85
1.85-3
3-12.84
12.84-15.68

No Diff. Exp.

Exp. Agree with evaluation but freedom to move

Diff. Exp. Disagree with evaluation

Energy ranges and observables highlighted as problematic by ML.
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High-level summary of issues in 240Pu:

Issues that 
could be 
investigate
d:

• Is the shape of nu-bar 
physical? (0.5-0.9, 4-6, 13-15 
MeV)

• Study (n,f) cs in the fast range 

Potential 
freedom in 
nuclear 
data:

• Re-evaluate PFNS with Chi-Nu 
exp. if different (avoid 
compensating effects)

• Is there an issue in the (n,el) cs 
from 0.9-1.2 MeV? Exp. Data 
might be misleading.

Figure 3.11: ENDF/B-VII.1 and ENDF/B-VIII.0 240Pu(n,el), (n,inl), (n,2n) and (n,�) cross sections are shown
and compared to experimental data where available.

predicting bias in PMF assemblies.
A second energy group appears with distinct importance: namely group 22 (3–4.75e�6 MeV) appears with

importance of 98. No di↵erential data exist to study the reliability of ENDF/B-VIII.0 data there. The (n,�) cross
section also appears with a high importance as related to bias in a similar energy range. To complicate matters,
no cross sections are available for (n,�) cross sections in this particular energy range. An evaluation using model
parameters across several isotopes might help to inform the evaluation here. However, an experiment of either the
(n,�) or (n,el) cross sections (whatever is easier) would be very helpful to disentangle these compensating errors,
and it listed thus with first-order importance. If the cross section is moved by ± 30%, the overall agreement of
simulated and experimental ke↵ seems to improve. More detailed studies are needed to investigate the 240Pu(n,el)
and (n,�) cross sections.

240Pu(n,�) cross section Several experimental data sets are available in EXFOR for the (n,�) cross section as
shown in Fig. 3.11. However, the experimental data sets do not cover the energy range of 1e�7 to 1e�4 MeV.

34

(n,el) cross sections

240Pu(n,f) cross section In addition to the conclusions drawn on 240Pu(n,f) cross sections by validating with
various critical assemblies, the pulsed spheres highlight the energy range of 13.84–15.68 MeV as related to bias. In
this energy range, there is significant spread in experimental data. The data of Tovesson (2009, grey) and Laptev
(2007, magenta) tend to higher values, while Kari data (1978, red) are systematically lower in Fig. 3.12. The
di↵erence is as much as 10% with reported uncertainties in the range of 3%. It would be good to understand what
is causing the discrepancy in the experimental data and then resolving the issue for a new evaluation.

Figure 3.12: ENDF/B-VII.1 and ENDF/B-VIII.0 240Pu(n,tot), (n,f) cross sections and ⌫ are shown and compared
to experimental data where available.

240Pu(n,f) ⌫ The same conclusions on 240Pu(n,f) ⌫ up to 5 MeV can be drawn for including pulsed spheres
in the analysis as for only studying various critical assemblies. In addition to that, the 240Pu(n,f) ⌫ is listed as
related to bias from 13.84–15.68 MeV with lower importance (higher importance ranking) than (n,f) cross sections.
Again the evaluation follows all wiggles in the available experimental data and one might question whether this is
physical. The data should be re-analyzed considering also physics-driven functional forms.

240Pu(n,el) cross section The (n,el) cross section appears with similar importance until 5 MeV as seen as
related to bias of various critical assemblies. It should be mentioned that energy groups 25–27 (8.1e�6–1e�4 MeV)
appear with importance of 334 and 1622. There are not di↵erential experimental data there for the (n,el) cross
section but the experimental data of the (n,tot) cross section in Fig. 3.12 seem systematically higher than the
evaluated data. It would be good to investigate that issue.

There are no di↵erential experimental data for the (n,el) cross section available from 14.55–17.33 MeV which
appears with lower importance as related to bias compared to the fission-source-term observables. However, the
(n,tot) evaluated data agree well with experimental data. The issue could very well be in the (n,inl), (n,f) or (n,2n)
cross sections making it di�cult to pint-point the issue raised by ML analysis exclusively to the (n,el) cross section.
One should first correct the (n,f) cross section after a detailed analysis of experimental data before changing the
(n,el) cross section. Also, a new model-based evaluation of all cross sections in the fast range might help.

39

(n,f) cross sections

Prompt nu-bar
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Validation of 238Pu nuclear data:

Energy (MeV) PFNS Nu-bar (n,f) (n,g) (n,el) (n,inl)

Thermal
1e-7-3.25e-7

3.25e-7-8.1e-6

8.1e-6-1.7e-2

1.7e-2-0.9
0.9-2.479
2.479-3

No Diff. Exp.

Exp. Agree with evaluation but freedom to move

Diff. Exp. Disagree with evaluation

Energy ranges and observables highlighted as problematic by ML.
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Figure 3.3: ENDF/B-VII.1 and ENDF/B-VIII.0 238Pu(n,el), (n,inl) and (n,�) cross sections are shown and com-
pared to experimental data where available.

pin down whether exclusively the (n,f) or (n,�) cross sections or ⌫ are the problem, or whether it is a combination
of several e↵ects. Hence, I would suggest to first study the di↵erential experimental data of the 238Pu(n,�) and
(n,f) cross sections and then tweak the 238Pu(n,f) ⌫ to improve agreement of simulated and experimental ke↵
values. A measurement of the ⌫ in the fast range would be extremely helpful, but obtaining a sample of 238Pu is
di�cult given its half-life of less than 90 years.

238Pu(n,el) cross section No di↵erential experimental data were found to compare to the evaluated 238Pu(n,el)
cross sections in Fig. 3.3. ENDF/B-VIII.0 (as well as JEFF-3.3) nuclear data were taken from JENDL-4.0. Three
energy groups appear with an importance below 2500, namely: 37 (790), 40 (1977) and 42 (2410). A similar energy
range is highlighted as related to bias for the (n,f) cross section and ⌫. Hence, this could be a correlation e↵ect,
and ⌫ and the (n,el) cross section can be used for tweaking. The latter should be carefully evaluated using model
parameters spanning across several Pu-isotopes. While a di↵erential experiment would be desirable, measuring ⌫

is likely easier. Also, only one experimental data set for 238Pu(n,tot) was found for 238Pu by T.E. Young (1967)

13

Figure 3.2: ENDF/B-VII.1 and ENDF/B-VIII.0 238Pu(n,f) and (n,2n) cross sections as well as ⌫ are shown and
compared to experimental data where available.

at the second chance fission threshold (5–7 MeV) should be investigated. Plotting the data from EXFOR indicates
some discrepancies among experimental data and compared to ENDF/B-VIII.0. The RF and SHAP metric would
not find these as those benchmarks containing 238Pu are very little to not at all sensitive to the (n,f) cross section
from 5–7 MeV.

238Pu(n,f) ⌫ It is shown in Fig. 3.2 that only di↵erential experimental data at thermal incident-neutron energy
were found for ⌫. The evaluated data were obtained based on systematical model calculations by A. Tudora across
several fission-fragment isotopes. The 238P(n,f) ⌫ appears as highly important for several groups, namely, with
importance of 302 for group 30, 789 for group 31, 2312 for group 38, 1786 for group 39 and 881 for group 41. This
could be a possible correlation e↵ect with the high importance of the 238Pu(n,f) cross section in a similar energy
range as well as with a likely shortcoming in evaluated 238Pu(n,�) cross sections in the energy range of 0.017–0.025
MeV. Given the scarce di↵erential experimental data and the integral nature of the critical assemblies, it is hard to

12

High-level summary of issues in 238Pu:

Issues that 
could be 
investigate
d:

• Re-evaluate thermal nu-bar 
using exp. data

• (n,g): study exp. Data close to 
~1e-7 and for 1e-5-1e-3 MeV

Potential 
freedom in 
nuclear 
data:

• (n,f): check at thermal, one can 
tweak from 0.1–3 MeV.

(n,g) cross sections

(n,f) cross sections

Figure 3.3: ENDF/B-VII.1 and ENDF/B-VIII.0 238Pu(n,el), (n,inl) and (n,�) cross sections are shown and com-
pared to experimental data where available.

pin down whether exclusively the (n,f) or (n,�) cross sections or ⌫ are the problem, or whether it is a combination
of several e↵ects. Hence, I would suggest to first study the di↵erential experimental data of the 238Pu(n,�) and
(n,f) cross sections and then tweak the 238Pu(n,f) ⌫ to improve agreement of simulated and experimental ke↵
values. A measurement of the ⌫ in the fast range would be extremely helpful, but obtaining a sample of 238Pu is
di�cult given its half-life of less than 90 years.

238Pu(n,el) cross section No di↵erential experimental data were found to compare to the evaluated 238Pu(n,el)
cross sections in Fig. 3.3. ENDF/B-VIII.0 (as well as JEFF-3.3) nuclear data were taken from JENDL-4.0. Three
energy groups appear with an importance below 2500, namely: 37 (790), 40 (1977) and 42 (2410). A similar energy
range is highlighted as related to bias for the (n,f) cross section and ⌫. Hence, this could be a correlation e↵ect,
and ⌫ and the (n,el) cross section can be used for tweaking. The latter should be carefully evaluated using model
parameters spanning across several Pu-isotopes. While a di↵erential experiment would be desirable, measuring ⌫

is likely easier. Also, only one experimental data set for 238Pu(n,tot) was found for 238Pu by T.E. Young (1967)

13
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Validation of 242Pu nuclear data:

Energy (MeV) PFNS Nu-bar (n,f) (n,g) (n,el) (n,inl)

Thermal
1.5e-7-2e-7

2e-7-3e-6

3e-6-3e-3

3e-3-1.72e-2

1.72e-2-0.9
0.9-6.434

No Diff. Exp.

Exp. Agree with evaluation but freedom to move

Diff. Exp. Disagree with evaluation

Energy ranges and observables highlighted as problematic by ML.
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High-level summary of issues in 242Pu:

Issues that 
could be 
investigate
d:

• Analyze nu-bar using exp. 
data

• (n,g): try to understand 
discrepancies in exp. And 
resonance range

Potential 
freedom in 
nuclear 
data:

• (n,f): study experiments and 
tweak from 0.9–20 MeV.

(n,g) cross sections

(n,f) cross sections

Prompt nu-bar
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Summary

• We validated 238-242Pu ENDF/B-VIII.0 nuclear data with respect to 875 
critical assemblies and 15 pulsed spheres. We also compared evaluated 
data to differential data from EXFOR and took into account basic 
theoretical considerations.

• CAVEAT: experimental data were not analyzed in detail and a 
comparison to EXFOR as is might be misleading. SG-50 might help for 
such undertakings.

• A (down-selected) listing of potential issues in nuclear data that could be 
investigated for a new release was shown. 

• Some hints potential freedom to move nuclear data is given.
• Is someone interested in helping us investigate resonance-range 

issues?

Thank you for your attention!
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